The existence of intermediate types is a major obstacle that can hinder the circumscription of species. Elucidating the mechanism responsible for intermediate types is essential for achieving a reasonable taxonomical treatment. In this study, we explored the evolutionary history and taxonomic treatment of the Soroseris hookeriana (C.B.Clarke) Stebbins complex, which comprises six named taxa that may be taxonomically distinct and are all native to the Qingha-Tibetan Plateau (QTP). We made an investigation across the distribution range of Soroseris Stebbins and sampled 27 populations, mostly from the complex. Internal transcribed spacer (ITS) and two chloroplast loci were sequenced and analysed using the neighbourjoining and Bayesian inference methods. The resulting phylogenies show no well supported inconsistence in topologies, in line with the lack of incongruence detected by the length difference test. However, all the trees were largely unresolved within S. hookeriana complex, irrespective of the optimality criterion employed. We interpret these results as an experience of radiation, which is a common process for native genera on the QTP. Thus, we suggest that all of the morphotypes might be different forms, generated by incipient speciation due to recent explosive differentiation, possibly triggered by the drastic environmental changes of the QTP. Given their evolutionary history, we propose a pragmatic method for treating all of these species as subspecies with a total of four new combinations.
Introduction
The description and delimitation of species in an evolutionary framework is essential for understanding patterns of biodiversity and distribution, as well as when assessing conservation strategies for natural resources (Liu 2016; Yang 2016) . However, species complexes, comprising a few distinct morphotypes with a series of intermediates at the species level, are a difficult problem for taxonomists (Liu 2016) . These intermediates might be derived via various mechanisms such as intraspecies variation, interspecies hybridisation, convergent evolution or radiation (Wang et al. 2004; Liu et al. 2006) . Increasing studies suggest that DNA sequences can be employed to elucidate the mechanisms responsible for intermediate types (Su et al. 2015; Zheng et al. 2017) .
Soroseris is a genus comprising seven species and all are endemic to the QinghaTibetan Plateau (QTP) according to the latest comprehensive revision (Shi and Kilian 2011) . Despite its restricted distribution and the paucity of species, this genus contains two species complexes. The first referred to as the Soroseris glomerata (Decne.) Stebbins complex comprises S. glomerata and five possibly distinct species, all of which have been treated as S. glomerata in some studies (Stebbins 1940; Shih 1997; Shi and Kilian 2011) . Two were recognised as independent species in the latest revision, i.e. S. pumila Stebbins and S. depressa (Hook. f. & Thomson) J. W. Zhang, N. Kilian & H. Sun, whereas three, i.e. S. bellidifolia (Hand.-Mazz.) Stebbins, S. deasyi Stebbins, and S. rosularis (Diels) Stebbins, were accepted as synonyms with a comment that it is appropriate to recognise them as subspecies, awaiting more studies on variation and distribution (Shi and Kilian 2011) . Phylogenetic studies, based on either nuclear the internal transcribed spacer (ITS) or plastid regions, showed that S. glomerata could be resolved into at least two distantly related clades , thereby implying that it may not be monophyletic.
The second species complex, referred to as the S. hookeriana (C.B.Clarke) Stebbins complex, comprises S. hookeriana and five possibly independent species, where one was accepted as S. erysimoides (Hand.-Mazz.) C. Shih in the latest revision, whereas the other four, i.e. S. occidentalis (Stebbins) Tzvelev, S. hirsuta (J. Anthony) C. Shih, S. gillii (S. Moore) Stebbins and S. gillii subsp. handelii Stebbins, were treated as synonyms of S. hookeriana (Shi and Kilian 2011) . Several other treatments have been proposed and we listed four of them in Table 1 (Stebbins 1940; Shih 1993 Shih , 1997 Shi and Kilian 2011) . These taxa have all been treated at species rank except for S. gillii subs. handelii, yet in other treatments have been treated as synonyms or subspecies, notably, under different species (Stebbins 1940; Shih 1993; Tzvelev 2007; Shi and Kilian 2011) . This complicated taxonomical controversy undoubtedly reflects the difficulty in delimitating taxa within Soroseris in terms of their morphology.
In addition to the controversial treatments mentioned above, the circumscription of Soroseris is also disputed. For example, two species of Syncalathium Lipschitz are included in Soroseris in some systems (Shih 1993) . Recently, a number of studies based on pollen, achene morphology, karyotypes and multiple DNA loci (Zhang et al. 2007 (Zhang et al. , 2013 Peng et al. 2013 ) have supported the circumscription of the latest revision of Soroseris (Shi and Kilian 2011) , but there are some slight differences compared with the first revision (Stebbins1940). In morphological terms, the genus is circumscribed mainly based on a densely crowded capitula on a thick and hollow stem, with two layers of phyllaries, where the outer layer are much smaller (Stebbins 1940) . Molecular phylogenetic analyses indicate that Syncalathium might be the sister group of Soroseris, in line with their similarity in morphology, such as densely crowded capitula , the chromosome number and the preferred habitat in high altitude (Zhang et al. 2007; Ying and Yang 2011; Yang et al. 2017) .
Previous studies have resolved the circumscription and sister (Syncalathium) of Soroseris, but the delimitation within the two species complexes remains unresolved . A major problem is the lack of samples of multiple individuals and comparisons of intra-/interspecies genetic diversity . In this study, we focused on the S. hookeriana complex. We sampled multiple individuals and sequenced several loci in order: (1) to clarify the mechanisms responsible for the complicated relationships in terms of morphology in this species complex; and (2) to revise the taxonomy of the S. hookeriana complex. We supposed that, if hybridisation was documented, the parental species and the possible cases of hybridisation could be recognised or, if radiation was indicated, the number of species within the complex could be greatly reduced.
Materials and methods

Taxon sampling
In total, from the QTP, we collected 35 individuals from 27 populations belonging to Soroseris and two individuals from Syncalathium as an outgroup, according to a previous study ) and all the voucher specimens were deposited in the herbarium of Lanzhou University. The samples from Soroseris were identified as belonging to six species, with five from the latest revision (Shi and Kilian 2011) and one that differed from all the known species (Voucher: CY40). The members of S. hookeriana complex, S. hookeriana and S. erysimoides, total up to thirty individuals and they could be further sorted into at least eight morphotypes. Six of them are largely comparable to six subspecies recognised by Stebbins (Stebbins 1940) , although more or less variations exist. Two of them seem to intermediate amongst different subspecies and here we named them Intermediate A and B, tentatively. A morphological comparison amongst these specimens, together with several related ones, is listed in Suppl. material 1. In addition, sequences from 17 individuals belonging to three species, including nine from the S. hookeriana complex and one we failed to collect, i.e. S. umbrella (Franch.) Stebbins, were downloaded from GenBank, which were all obtained in the study by Zhang et al. ). All of the samples, voucher locations and GenBank numbers used in the analysis are listed in Table 2 .
DNA extraction, PCR amplification, and sequencing
Genomic DNA was extracted from dried leaves in silica gel using the CTAB method (Doyle and Dickson 1987) . Three regions (psbA-trnH, matK and ITS) were amplified and sequenced with the primers from published literature (White et al. 1990; Sang et al. 1997; Ford et al. 2009 ). The PCR reaction mixture comprising 25 μl was prepared and amplified according to the procedure described by Wang et al. (Wang et al. 2009 ). The PCR products were sent to the Beijing Genomics Institute for commercial sequencing. Sequences were aligned using CLUSTALX v.2.1 (Thompson et al. 1997) with the default settings and adjusted manually with Bioedit v.7.0.5 (Hall 1999 ). All of the sequences were registered in GenBank (Table 2) .
Data analysis
Three datasets were constructed for the ITS sequences, the combination of psbA-trnH and matK and the combination of all the three fragments. For the first two datasets, genetic distance was calculated with Mega (Tamura et al. 2013 ) under Kimura's two-parameter (K-2P) model (Kimura 1980) . For the last one, the congruence between ITS and the other two fragments was evaluated using the incongruence length difference (ILD) test in PAUP* 4.0b10. For all the three data sets, neighbour-joining (NJ) and Bayesian inference (BI) methods were employed to reconstruct the phylogenetic relationships. The NJ trees were built using PAUP version 4b10 with K-2P model (Swofford 2003) . Node support was assessed based on bootstrap percentages (BP) of 100000 replicates. BI was implemented using MrBayes on XSEDE (v3.2.6) (Ronquist et al. 2012 ) and the optimal models for each marker were determined according to Akaike's information criterion (Akaike 1974 ) using jModelTest2 on XSEDE (v2.1.6) (Darriba et al. 2012) .
Results
ITS sequences
The aligned ITS dataset comprised 607 base pairs (bp) with 58 variable sites, where 36 sites were potentially parsimony informative. A total of 12 mosaic sites are detected from eight individuals, mostly with one or two. The K-2P distance, ranged from 0 to 2.4%, is 0.6% on average within the ingroup, while 0.3% on average or 1% maxi- Figure 1 . The 50% majority rule consensus tree derived from Bayesian inference of the nuclear internal transcribed spacer. Posterior probabilities and bootstrap percentages are indicated above and below the branches, respectively. The samples named according to FOC (2011) or NCBI, Stebbins (1940) and the present study are listed from left to right.
mally within the complex. The NJ tree was mostly congruent in terms of its topology with the 50% majority rule consensus tree derived from Bayesian analysis and the latter is shown in Fig. 1 . The in-group samples were resolved into three clades. The first clade, which was a sister to the other two, comprised part of S. glomerata and a species that we failed to identify (BI = 100%, BP = 80%). The second clade contained two S. glomerata and S. umbrella sequences (BI = 92%, BP = 59%). The third clade Figure 2 . The 50% majority rule consensus tree derived from Bayesian inference of the combined sequences of psbA-trnH and matK. Posterior probabilities and bootstrap percentages are indicated above and below the branches, respectively. The samples named according to FOC (2011) or NCBI, Stebbins (1940) and the present study are listed from left to right.
comprised all of the others, including two S. glomerata individuals, two S. teres C. Shih individuals and all 37 from the S. hookeriana complex (BI = 100%, BP = 74%) but there was little resolution within this clade. Excluding S. umbrella, none of the species with multiple individual samples was recovered as monophyletic and S. glomerata samples were present in all three clades.
Combined psbA-trnH and matK sequences
The combined psbA-trnH and matK sequences measured 870 bp, where 54 nucleotide sites were variable and 23 were phylogenetically informative. The K-2P distance is estimated to be 0.2% on average and ranged from 0 to 1.8% within the ingroup, while 0.1% on average or 0.6% maximally within the complex. The NJ tree was congruent with the 50% major consensus tree obtained by BI and the latter is presented in Fig.  2 . The topology recovered was very similar to that for ITS on the phylogenetic context of S. hookeriana complex, but two, one containing S. umbrella and the one containing S. hookeriana complex, of the three clades based on the ITS sequences, were combined as one.
Combined ITS, psbA-trnH and matK sequences ILD test (P = 0.289000) detected no strong evidence of incongruence between the data partitions. Thus, the three fragments are combined and the resulting topologies from NJ and BI (Suppl. material 2) are concordant. Being highly similar to that from ITS, three major clades within Soroseris were recovered and the relationship within S. hookeriana complex remains largely unresolved.
Discussion
Aside from S. umbrella, no species were recovered in a monophyletic clade. In particular, S. glomerata was revealed to be present in all the three major clades (Figs 1, 2, Suppl. material 2), indicating that the circumscription of this species needed to be revised. All the members of the S. hookeriana complex formed a clade together with S. teres and part of S. glomerata (Figs 1, 2 , Suppl. material 2), without subclades corresponded to the circumscription in the Flora of China or any other systems (Stebbins 1940; Shih 1993) . Thus, the complex needs to be expanded to include all these members. However, the poor resolution was not sufficient to aid our selection from the proposed systems, although our results are helpful for understanding the processes or mechanisms responsible for the high variation within the complex. In most cases, hybridisation is considered to explain the occurrence of intermediates. It is not possible to exclude this mechanism in the S. hookeriana complex, but it appears to conflict with the status of Soroseris because of the following reasons. First, hybridisation often results in different topologies when phylogenetic trees are reconstructed based on ITS and chloroplast sequences, which was not the case for Soroseris. Second, hybridisation might only affect the tree obtained based on a nuclear marker, but the grouping of the chloroplast sequences was also not species-specific for Soroseris. Third, the occurrence of hybridisation might be determined by the distribution of the parent species, where it usually occurs in areas where the ranges of the two species meet and thus the diversity of these populations might be higher than that of others. We found no evidence of hybridisation based on these three reasons in Soroseris. In addition, mosaic sites in nuclear ITS sequences, which are characteristic of many taxa generated by hybridisation, are rare in Soroseris.
Alternatively, we suggest that radiation might be the main mechanism responsible for the various forms of intermediates in Soroseris. Radiation involves the rapid differentiation of a lineage within a short time interval, which is mostly triggered by environmental change or morphological innovation (Liu et al. 2006) . The rapid uplift of the QTP generated a large number of heterogeneous environments and promoted the rapid differentiation of genera such as Rhododendron L. (Milne 2004) , Ligularia Cass (Liu et al. 2006) and Saussurea DC (Wang et al. 2009 ). The main typical characteristic of these genera is a poorly resolved phylogeny with a large number of parallel branches, as well as complicated but subtle morphological variation amongst populations or species (Wang et al. 2009 ). However, only a few variations might exist within a population or certain region, whereas hybridisation is characterised by high variation within a population (Meeus et al. 2016) . In the present study, few morphological variations were detected in each Soroseris population, whereas many were found between populations, particularly in terms of the leaf shape, indumentum in the phyllary and the plant height. Two or more states were present for all three of these characters and various combinations were present in different populations. We consider that all the populations of the S. hookeriana complex might have been derived from the same widespread ancestor on the QTP, but various environmental changes following the uplift of the QTP reduced the gene flow amongst most of the populations to yield a number of parallel branches, while adaptation to the local environment also resulted in an array of morphotypes, which were treated as subspecies, possibly under different species, by different systems (Stebbins 1940; Shih 1997; Shi and Kilian 2011) .
According to the phylogenetic context and little genetic differentiation (ITS: 0.3% on average while 1% maximally; concatenated cp: 0.1% on average while 0.6% maximally), all members of the S. hookeriana complex (include S. teres and part of S. glomerate) could be treated as single species. However, this revision will make it difficult to describe an assemblage. In addition, this treatment might fail to reflect the evolutionary history discussed above and the biodiversity may be underestimated. However, the alternative treatment is also not perfect because separating all of the species will make identification difficult, especially when encountering intermediates, which is common in the field. In order to address these issues, we propose to treat all of the morphotypes, especially those with the typical morphology and widespread distribution, as subspecies of S. hookeriana because this is the earliest name of a species reported within the complex. However, we abandoned, for the time being, assigning new names to S. teres and S. glomerate due to insufficient sampling as well as distinct morphology. In addition, the name S. hookeriana subsp. erysimoides (Hand.-Mazz.) Stebbins has been published previously and we suggest that it is restored. Thus, a total of eight taxa, including four new combinations, are proposed and a key is provided in the following. 
